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One of the key objectives in fuel cell technology is to improve the alcohol oxidation efficiency
of Pt-based catalysts. A series of carbon-supported PtRu nanowires with different concentrations
of Pt and Ru were prepared for application in methanol oxidation in acid media. The physico-
chemical properties and electrocatalytic activity of these catalysts during methanol oxidation are
function on their structure, morphology and composition. A Pt60Ru40/C catalyst shows the best
behaviour towards methanol electro-oxidation allowing decrease the onset potential approximately
0.2 V respect to others PtRu/C synthesised nanowires. The structural modification of Pt by Ru and
synergetic character of RuPt are main factors that could contribute to reduction of energy neces-
sary for electro-oxidation process. The Pt and PtRu nanowires have different sizes and distribution
on the substrate. The average crystallite sizes, found by XRD, are in the 4.6–5.9 nm range and
the lattice parameter is between 0.3903–0.3908 nm. Small differences with the values of the Pt/C
catalyst were found. The XPS results show a prevailing presence of metallic Pt and Ru4+ species.
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1. INTRODUCTION
The production of energy is associated with economic and
industrial progress. This event has increased both fossil
fuel consumption and the amounts of CO2, CO, NOx, SOx,
hydrocarbons and particulate matter in the atmosphere.
Systems with more efficient energy conversion are nec-
essary because fossil fuel sources are decreasing and the
cost of the fuels is being raised. In addition, the presence
of these pollutants has negative effects on human health
and increases the greenhouse effect; therefore, reducing the
pollution in large urban centres is particularly necessary.1
Fuel cells have been shown to be an interesting and very
promising solution to that problem providing clean electric
power generation with high efficiency using non-polluting
fuels, like hydrogen and renewable primary fuels on a
large scale.12 Direct methanol fuel cells (DMFC) are one
of the possible candidate power sources for future electric
∗Author to whom correspondence should be addressed.
vehicles.3 The Pt electro-catalyst is the most appropri-
ate material for alcohol oxidation; however, this system
displays some problems that need solution for its practi-
cal implementation, such as high cost and the inhibition
of active sites by intermediate products of the oxidation
reaction.4 In the specific case of methanol oxidation,
its complete anodic oxidation (CH3OH+H2O → CO2 +
6H++6e− involves six electrons per methanol mole. The
oxidation occurs via multi-steps with the formation of sev-
eral products or reaction intermediates such as formalde-
hyde, formic acid and CO, which have strong influence
on catalyst performance due to active surface poisoning.5
The addition of second metal (co-catalysts) to platinum
catalyst is widely considered as an alternative to dimin-
ish the Pt poisoning.6–10 The superior performance of this
system for methanol oxidation with respect to pure Pt
has been assigned to the bifunctional effect (promoted
mechanism)11 and to the electronic interaction between Pt
and the alloyed metals (intrinsic mechanism).1213
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Different studies have been carried out on the effect of
the addition of Ru in Pt–Ru catalysts for methanol electro-
oxidation, establishing that the enhancement of activity
and stability are related to the bifunctional mechanism
of Ru to Pt.14–21 For instance, He et al.18 reported that
the oxidation peak potential of methanol shifted to lower
potentials while the oxidation current peak increased on
the addition of Ru to Pt; moreover, the activity in the
electro-oxidation enhances until an optimum Pt:Ru atomic
ratio. Guo et al.,20 Chu and co-workers19 found that, at a
ratio of 1:1, these catalysts exhibited the highest methanol
oxidation current and a lower poisoning rate. Other vari-
ables such as structure and shape,15–24 metal size,2325–27
preparation method and support type,252728 and experi-
mental conditions929 also influence the methanol electro-
oxidation activity of electro-catalysts. Song et al.30
demonstrated that the pore morphology of carbon sup-
ports plays a decisive role in the electro-catalytic activity
of the supported Pt nanoparticles. They have shown that
mesoporous carbon (with a higher electrochemical sur-
face area) used as support for Pt nanoparticles exhibited a
superior activity in fuel cell reactions in the case of liq-
uid reactants (e.g., ethanol). This behaviour was attributed
to a facilitated mass transport provided by the very good
3D interconnection of the nanospacings of their hexag-
onally arrayed carbon nanorods (i.e., mesopores), which
lead to greater accessibility of Pt nanoparticles. In recent
decades, interest in the size and morphology of Pt cata-
lysts has been increasing, since these variables influ n e
their catalytic activity.31–34 Conventional Pt nanoparticles
with zero dimension (0-D) have a particle morphology
with large number of atoms with low coordination number
and defects on their surface,35 while the Pt nanostructure
with a one-dimensional morphology (1-D) maintains long
segments with single crystalline phase (crystallographic
planes connected by grain boundaries), forming nanowire
structures3637 with fewer atoms with low coordination
number.3839 Different authors39–42 have established that
changes in the structural and electronic properties of cat-
alysts due to 1-D morphology can be responsible for
enhanced catalytic activities towards both oxygen reduc-
tion and methanol oxidation reactions.
As the physicochemical properties and electro-catalytic
activities of these catalysts during methanol oxidation
depend on structure and morphology, this study investi-
gate a series of PtRu/C nanowires with differing compo-
sition of Pt and Ru toward the methanol oxidation in acid
medium by cyclic voltammetry (CV), chronoamperometry
and quasi-stationary potentiostatic polarisation. Transmis-
sion electron microscopy (TEM), X-ray powder diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS) were
used to characterise the electro-catalysts. Moreover, the
electrochemical stability of PtRu/C nanowires was evalu-
ated through degradation cycles by cycling the electrode
potential between 0.05 and 1.30 V versus a reversible
hydrogen electrode.
2. EXPERIMENTAL DETAILS
2.1. Synthesis of the Catalysts
The Pt/C and PtRu/C nanowire network catalysts were
prepared by the reduction of platinum and ruthenium
precursors with formic acid.4344 However, the developed
methodology used in this study does not use a surfactant
assisted soft template43 and uses black carbon as support
at room temperature, and it is therefore different than that
for the unsupported PtRu nanowires reported by Li et al.44
The catalysts consisted of 40% (w/w) nominal total
metal (Pt+Ru) on carbon with different nominal Pt:Ru
molar ratio: (80:20), (70:30), (60:40) and (50:50). For
a typical synthesis, an appropriate amount of black car-
bon (N330) was dispersed in an aqueous solution of hex-
achloroplatinic acid (H2PtCl6 and/or ruthenium chloride
(RuCl3 and formic acid (HCOOH). The reaction was
conducted for 72 hours, and after this time, the powder
obtained was recovered by filtration, washed with ultra-
pure water and dried by evaporation at 60 C for 30 min.
All chemicals were analytically pure and used as received
(Sigma Aldrich, purity >98%).
The morphology and structure of the nanostructures
synthesised were characterised by transmission electron
microscopy (TEM, JEOL 2100 HTP JEM, operating
at 200 kV). XRD patterns were recorded on Rigaku
Ultima universal+RINT 2000/PC diffractometer equipped
with CuK radiation source ( = 0.15406 nm, 50 kV
and 100 mA). The diffraction patterns were registered
between 2 angles from 15 to 90, with a step of
0.02 per step. XPS characterisation was carried out in a
VG-Microtech Multilab 3000 electron spectrometer using
Mg-K (1253.6 eV) radiation source. To obtain the XPS
spectra, the pressure of the analysis chamber was main-
tained at 5× 10−10 mbar. The binding energy (BE) scale
was adjusted by setting the C 1s transition at 284.6 eV.
Electrochemical measurements were carried out in a
one-compartment glass cell using a conventional three-
electrode set up (half-cell). One 800-ppm boron-doped
diamond (BDD) electrode (geometric area: 0.64 cm2
was used as substrate. More information regarding the
setup of the assembled electrochemical system is found
elsewhere.45 Substrates for the electro-catalytic materials
were prepared using the procedure described by Salazar-
Banda et al.46 The catalysts suspension was deposited onto
de BDD substrate as described in a previous report.47 Pt/C
(10 wt% of Pt) and PtRu/C (20 wt% metal load with
80:20 Pt:Ru) from E-Tek commercial electro-catalysts
were used as reference materials for comparison purposes.
To evaluate the behaviour of each electrocatalyst, elec-
trochemical tests were performed in 0.5 M H2SO4 and
0.5 M CH3OH aqueous solutions at room temperature. The
CV experiments were carried out between 0.0 and 0.8 V
until stationary responses were obtained, then two voltam-
metric cycles were recorded between 0.05 and 1.30 V,
scanning at 20 mV s−1. Chronoamperometric experiments
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were performed at 0.6 V, while anode polarisation curves
were carried out between 0.2 and 0.8 V in the potentio-
static mode, with all data points obtained after 200 s of
polarisation at each potential.
3. RESULTS AND DISCUSSION
3.1. Physicochemical Characterisation
Figure 1 shows the XRD patterns of Pt/C and PtRu/C
nanowire catalysts. Diffraction peaks at 2 = 39.9, 46.2,
67.9, 81.0and 86.1 are observed in Figure 1. These
peaks are assigned to the Pt (111), (200), (220) (311)
and (222) planes, respectively, which displayed the nor-
mal character of a polycrystalline Pt where the crystal
structure is descripted by face centred cubic (fcc).48 Since
the carbon is used as support, all the XRD patterns show
the diffraction peak at 25 attributed to the (002) plane.49
No peaks regarding ruthenium species (Ru or its oxides)
were found for PtRu/C catalysts with 80:20, 70:30 and
60:40 molar ratios. However, their presence cannot be
discounted because they may be present at a small size
or even in an amorphous form. For the Pt50Ru50/C cata-
lyst, the diffraction peaks shifted to higher 2 values with
respect to the corresponding peaks in the pure Pt cata-
lyst, and peaks corresponding to metallic Ru were identi-
fied. The formation of Pt–Ru solid solution is considered
due to the slight shift of Pt peaks to higher 2 values,
which is due to the atomic radius of ruthenium (Ru =
0.134 pm) is smaller than platinum (Pt = 0.138 pm) pro-
ducing a contraction of the crystal lattice.850 The peak
broadening of the diffraction line of the Pt (220) reflection
was used to calculate the average particle size according to
the Debye–Scherrer equation.51 The average particle sizes
found are in the 4.6–5.9 nm range, and the lattice param-
eter was between 0.3903–0.3908 nm. Small differences in
both parameters compared with those for the Pt/C catalyst
were found.
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Figure 1. X-ray diffractograms taken for the developed electrocatalysts.
Vertical lines indicate polycrystalline Pt peak positions.
Figure 2. TEM images of Pt/C (a), Pt80Ru20/C (b), Pt60Ru40/C (c) and
Pt50Ru50/C (d) nanowire electrocatalysts.
Figures 2(a)–(d) shows TEM images of different com-
position Pt/C and PtRu/C nanowires. Figure 2(a) shows a
representative TEM image of the nanoparticles for the Pt/C
catalyst, which seem to have coalesced to form aggregates
and to begin growing up of nanowires. On the other hand, in
Figures 2(c)–(d) the typical thin nanowires morphology is
observed. The Pt/C nanowires showed a length of 15 nm±
1.66 and a diameter of 5 nm, while Pt80Ru20/C, Pt60Ru40/C
and Pt50Ru50/C have lengths and diameters of 19 and 6 nm;
12 nm and 4 nm; 18 nm and 4 nm; respectively.
The surfaces of the catalysts were characterised by XPS
following the Pt 4f7/2 and Ru 3p3/2 transitions. The Pt 4f
region displays a double peak produced by the spin-orbital
splitting of the 4f7/2 and 4f5/2 states. Figure 3(a) shows the
XPS profiles for the Pt60Ru40/C catalyst, as a representative
example, since similar behaviour occurred for all samples.
The values of maximum energy appear at 71.6 eV and
74.6 eV for main band, suggesting that Pt is in the metallic
state. The broad profiles were deconvoluted in four peaks
with maxima at 71.5, 72.7, 74.6 and 76.0 eV (correspond
to Pt 4f7/2 and Pt 4f5/2 transitions of Pt) related to Pt with
different oxidation states on catalyst surface. The binding
energies of Pt 4f7/2 and Pt 4f5/2 components localized at
72.7 and 76.0 eV can be assigned to the Pt2+.52 Since the
binding energy for the 3d line of Ru in the zero-valence
state (284.3 eV) is very close to the C 1s line, it is nec-
essary to take other peak, in this case, Ru 3p3/2 peak, for
the determination of the oxidation states.53 One peak is
obtained from ruthenium response, according to binding
energies of 463.5 eV (Fig. 3(b)), which can be assigned to
the Ru4+ species,
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Figure 3. Pt 4f (a) and Ru 3p (b) transitions in XPS experiments per-
formed with Pt60Ru40/C catalyst.
3.2. Electrochemical Experiments
Figure 4 shows the cyclic voltammograms obtained for
Pt/C and PtRu/C nanowires in acid medium (H2SO4
and in the absence of methanol. The results show the
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Figure 4. Cyclic voltammograms recorded on the studied eletrocata-
lysts taken in 0.5 M H2SO4 electrolyte. Sweep rate: 20 mV s
−1.
typical peaks corresponding to the adsorption–desorption
process and the oxide regions of Pt on materials in acid
solutions.54 The current values observed in the voltammo-
grams for PtRu/C catalysts are larger than those for Pt/C,
which is consistent with the nanowire structure formed.
The Pt/C catalyst formed more aggregate nanowires than
the Pt–Ru/C catalysts, as it demonstrated by TEM analy-
sis. The presence of amorphous Ru-oxides increasing the
electrode capacitance and therefore a large value for the
double-layer charging current (0.3–0.9 V) is displayed for
PtRu/C nanowires.55 It can be observed that the charge in
adsorption–desorption peaks and the pseudo current den-
sity increases with the amount of Pt in the nanowire cata-
lysts, which is directly related to the quantity of available
active sites.56
The electrochemical surface area of the electro-catalysts
was determined by using the hydrogen desorption region
observed in the cyclic voltammograms obtained in an
aqueous acidic medium (Fig. 4). It was assumed that the
normalised charge density for a monolayer of adsorbed
hydrogen on polycrystalline platinum is 210.0 C cm−2 53
and that all platinum loaded on the working electrode was
electrochemically active. The electrochemical surface area
for Pt80Ru20/C, Pt70Ru30/C, Pt60Ru40/C, Pt50Ru50/C and
Pt/C nanowires was 52 cm2, 49 cm2, 48 cm2, 41 cm2 and
33 cm2, respectively, being the largest area for Pt80Ru20/C
nanowires. In the potential range from 0.9 to 1.30 (anodic
sweep) there is an increase in the pseudo-current den-
sity as the quantity of platinum increases on the catalyst
due to the amount of oxides formed during the oxidation
of platinum. Consequently, an increase in the reduction
peak (cathodic scan) exists due to the formation of these
oxides. The process is almost reversible since there is a
displacement in the peaks with increased current (anodic
and cathodic).
The electro-catalytic activities of the different catalysts
for the oxidation of methanol were compared by CV,
chronoamperometric and quasi-steady-state polarisation
measurements at room temperature. Figure 5(a) shows the
forward scans of electro-catalysts for all catalysts, showing
the characteristics peaks of methanol electro-oxidation at
all catalysts. The conventional voltammograms of PtRu/C
nanowires displayed the typical behaviour for methanol
oxidation using Pt-base catalysts, a single oxidation peak
with maximum current at 400–500 mA · cm2 · g−1Pt dur-
ing the forward scan. Other peak is observed during
the backward scan (Fig. 5(b), maximum current, between
484 and 820 mA · cm2 · g−1Pt , which could be attributed
to further oxidation of the adsorbed methanol interme-
diate species formed in the forward sweep process. The
higher intensity in the oxidation peak during the for-
ward sweep is related to the higher capacity to oxidize
methanol and/or its intermediate products at higher poten-
tials with more active sites free for continuous oxida-
tion. Thus, it demonstrate that PtRu/C nanowires had a
better capacity to oxidize methanol than the nanoparticle
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Figure 5. Cyclic voltammograms recorded for the oxidation of
methanol on the developed electrocatalysts in 0.50 M CH3OH+ 0.5 M
H2SO4 solution. Sweep rate: 20 mV s
−1. (a) Anodic forward sweep and
(b) backward sweep.
catalysts, Pt/C and PtRu/C from E-Tek (commercial
catalysts).
At low overpotentials, the profiles show similar electro-
catalytic activity for all catalysts, although the Pt60Ru40/C
catalyst shows a better performance. The addition of ruthe-
nium to Pt/C decreases the onset potential of methanol
electro-oxidation by about 0.12 V and 0.15 V related
to Pt/C from E-Tek and Pt/C nanowire, respectively.
The energy necessary for methanol electro-oxidation is
lower, which could be attributed to both the syner-
getic role of ruthenium in platinum catalytic activity for
methanol electro-oxidation11 and the structural modifica-
tion of Pt by Ru.57 Figure 6 show the chronoamperomet-
ric curve recorded at 0.6 V versus RHE for methanol
electro-oxidation of Pt80Ru20/C, Pt70Ru30/C, Pt60Ru40/C,
Pt50Ru50/C and Pt/C nanowires as well as the results for
Pt/C and PtRu/C (both E-Tek) catalysts used as refer-
ence materials. During the first seconds, there is a sharp
decrease in the current density followed by a slow decrease
in the current values over longer periods. A relatively
steady-state behaviour ocurr for all studied catalysts after
ca. 100 s. This behaviour is related to poisoning by
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Figure 6. Chronoamperometric measurements of methanol oxidation at
0.6 V versus RHE on the developed electrocatalysts in 0.50 CH3OH+
0.5 M H2SO4 solution.
intermediate products from methanol electro-oxidation.58
After 600 s, the Pt60Ru40/C nanowire displayed a value of
pseudo-current density three times greater than those for
the commercial catalytic composite.
Figure 7 shows the anode polarisation curves. The onset
potential of methanol electro-oxidation over Pt60Ru40/C
shifted about 0.2 V negatively in comparison with the
other PtRu nanowires. The onset potential for the PtRu/C
(E-Tek) nanocatalyst used as the reference is the same,
but the current density decreases with potential. Pt60Ru40/C
and Pt80Ru20/C catalysts showed the highest values with
increased potential. From these results, the catalyst with
the best behaviour in the test conditions was Pt60Ru40/C
nanowires.
The durability of PtRu/C nanowires is another impor-
tant variable that affects the implementation of this sys-
tem at the commercial level. PtRu/C catalysts are normally
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Figure 7. Quasi-steady-state anode polarisation profiles for the oxida-
tion of methanol in 0.50 M CH3OH+ 0.5 M H2SO4 solution. All data
were obtained from the potentiostatic values measured after 300 s of
polarization.
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Figure 8. Stability test for electrocatalysts in 0.5 M H2SO4 electrolyte. Sweep rate: 20 mV s
−1.
employed as the highly active anode electro-catalyst,
but it undergoes dissolution and particle aggregation under
fuel cell conditions.59 The stability of the anode electro-
catalyst synthesised by the chemical reduction method
was evaluated by cycling the electrode potential between
0.05 and 1.30 V versus RHE for 3000 cycles follow-
ing a procedure already reported to test the stability of
carbon-supported nanocatalysts.60 Figure 8 shows the CVs
of the PtRu/C nanowires after an increasing number of
potential cycles until 1000 cycles. The electrochemical sur-
face area (hydrogen desorption area in the Pt–H oxidation
region) decreases after this test, indicating the instability
of the active species. The electrochemical surface area
lost after 3000 cycles was 25% for Pt60Ru40/C, while for
Pt/C, Pt80Ru20/C, Pt70Ru30/C and Pt50Ru50/C nanowires
were 45%, 42%, 43%, and 55%, respectively. Thus, the
Pt60Ru40/C nanowires were the most stable of the tested
catalysts.
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3.3. Mechanistic Insights
Application of derivative voltammetry to the results
obtained for cyclic voltammetry allows a better under-
standing of methanol electro-oxidation. Figure 9 show
derivative voltrammograms obtained from forward scans
of the electro-catalysts, in which the characteristic peaks
of methanol electro-oxidation are observed.61 Derivative
voltammograms display negative and positive peaks. If this
representation is compared with the corresponding con-
ventional voltammograms is possible to see that weak
shoulders that are not detectable in the convectional
voltammograms. For instance, in the derivative voltam-
mograms of methanol oxidation the electro-catalysts show
a shoulder around 0.7 V, which is rarely visible in the
conventional voltammogram (Fig. 5(a)), while it is well
resolved into a peak in the derivative voltammogram
(Fig. 9(a)). Murthy et al.61 studied the methanol oxida-
tion by means of voltammetric conditions and proposed
a mechanistic insight through derivative voltammograms.
Taking analogous considerations into account a simi-
lar analysis was performed for the PtRu/C nanowires
(Fig. 9(b)). From this results, we can establish that the
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Figure 9. (a) Derivative voltammograms for the oxidation of methanol
on synthesised electrocatalysts carried out in 0.50 M CH3OH+ 0.5 M
H2SO4 solution. (b) Derivative voltammetry for Pt50Ru50/C nanowire
electrocatalytic composite. Sweep rate: 20 mV s−1.
electro-oxidation of methanol on PtRu/C nanowires syn-
thesised and tested in this work occurs through a serial
path mechanism with similar elementary reaction steps as
those present in the oxidation of one carbon molecules like
methanol, formic acid or formaldehyde.63 The mechanistic
insight gained through the derivative voltammogram for
Pt50Ru50/C nanowires is illustrated in Figure 9(b), the anal-
ysis is based on proposed mechanistic insights by Murthy
et al.61
Point a: Dissociative adsorption, hydrogen atoms removal
and CO coverage of Pt active surface sites.
Point b: The rate-determining step (methanol
dehydrogenation).
Point c: Methanol oxidation through a parallel path.
Point c′: Oxidation of CO to CO2.
Point d: Methanol oxidation by generation of OH on
Pt sites.
Point e: Voltammetric current reaches a maximum and
then begins decreasing.
Point f: The active sites of the catalyst are covered
by OHad.
In addition, the onset potential for methanol electro-
oxidation (point (b) in Fig. 9), is shifted to lower potentials
at the binary developed nanowire electro-catalysts related
to Pt nanowires and both commercial catalysts.
4. CONCLUSIONS
A series of PtRu/C nanowires with different composi-
tion of Pt and Ru were prepared and used as anodes
in the electro-oxidation of methanol in acid media. The
Pt60Ru40/C catalyst showed the best behaviour in the
tested conditions, negatively shifting the onset poten-
tial of methanol electro-oxidation by about 0.2 V in
comparison with the other PtRu/C nanowires prepared.
The energy necessary for methanol electro-oxidation is
attributable to both the synergetic role of ruthenium with
platinum and the structural modification of Pt by Ru. The
electro-oxidation of methanol on PtRu/C nanowires occurs
through a serial path mechanism with similar elementary
reaction steps to those presented by oxidation of one car-
bon molecule. Although the amount of noble metal (Pt)
decreased, the next step to optimize the catalyst composi-
tion will be to decrease the metal loading from 40% (w/w)
to lower values.
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